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Abstract  
Background  
Treatment models developed for substance use disorders (SUDs) are often applied to behavioral 
addictions (BAs), even though the correspondence between these forms of addiction is unclear. 
This is also the case for non-invasive brain stimulation (NIBS) techniques being investigated as 
potential treatment interventions for SUDs and BAs.  
Objective 
To contribute to the development of more effective NIBS protocols for BAs. 
Methods 
Two literature searches using PubMed and Google Scholar were conducted identifying a total of 
35 studies. The first search identified 25 studies examining the cognitive and neurophysiological 
overlap between BAs and SUDs. The second search yielded 10 studies examining the effects of 
NIBS in BAs.  
Results  
Impulsivity and cravings show behavioral and neurophysiologic overlaps between BAs and SUDs, 
however other outcomes, e.g. working-memory abilities or striatal connectivity, differ between 
BAs and SUDs. The most-employed NIBS target in BAs was dorsolateral prefrontal cortex 
(DLPFC), which was associated with a decrease in cravings, and less frequently with a reduction 
of addiction severity.   
Discussion and Conclusions  
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Direct comparisons between BAs and SUDs revealed discrepancies between behavioral and 
neurophysiological outcomes, but overall, common and distinctive characteristics underlying each 
disorder. The lack of complete overlap between BAs and SUDs suggests that investigating the 
cognitive and neurophysiological features of BAs to create individual NIBS protocols that target 
risk-factors associated specifically with BAs, might be more effective than transferring protocols 
from SUDs to BAs. 
Scientific Significance  
Individualizing NIBS protocols to target specific risk-factors associated with each BA might help 
to improve treatment interventions for BAs. 
 
Key words 
Behavioral addictions, substance use disorders, non-invasive brain stimulation, transcranial 
electrical stimulation, transcranial magnetic stimulation. 
 
INTRODUCTION 
In addiction research, attention has been generally centered on the study of substance use disorders 
(SUDs) while behavioral addictions (BAs) have been relatively neglected. In fact, many BAs are 
even excluded from formal clinical diagnosis frameworks 1 even though, particularly linked to 
technological advances in recent years, the relevance and severity of BAs (e.g. online gambling, 
internet gaming, social-networking disorders) has become more evident. There is an increasingly 
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urgent need for preventive and therapeutic strategies for BAs 2, but this requires a deeper 
understanding of underlying neurobiological and cognitive processes. Many have argued that at a 
causal level, BAs are closely related to SUDs, and if so, one might be able to translate interventions 
proven to be of value in SUDs to patients with BAs. Nonetheless, the debate about the mechanistic 
overlap between BAs and SUDs remains, as does the argument of whether some BAs should be 
classified within the SUDs clinical category 3,4.   
Gambling Disorder (GD) is the most widely studied of the BAs 5, and it was the first to be included 
in the category Substance-Related and Addictive Disorders in the fifth edition of the Diagnostic 
and Statistical Manual of Mental Disorders (DSM-5) 6. Internet Gaming Disorder (IGD) seems to 
be following GD in this direction, being currently included in the appendix of the DSM-5. The 
decision that supported the inclusion of GD in the DSM-5 was based on the similarities shared 
with SUDs, which included symptomatology, heritability, and neuro-circuitry correlates 7. 
However, studies are showing not only common features, but also cognitive and physiological 
differences between BAs and SUDs 8,9. Therefore, one aim of the present study was to 
systematically review mechanistic substrates of BAs and SUDs, and identify similarities and 
differences across neurobiological and cognitive domains to recognize potential risk-factors 
specifically associated with BAs and those shared with SUDs.   
Specifically, we chose to focus on insights that can be gathered from NIBS studies because it is an 
emergent procedure with certain advantages over other already established addiction-related 
treatment interventions. Some interventions used traditionally to treat addictive behaviors include 
pharmacology 10,11 and therapy 12,13, however NIBS could potentially supersede previous 
approaches due to its capability to modulate decision-making cognitive processes 14, adjust  
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neurophysiological circuitry 15,16 and reduce addiction symptomatology 17 safely 18 with 
significantly fewer associated adverse events to those commonly related to pharmacological 
treatments 12,19.   
The effects of NIBS have been increasingly investigated in SUDs 20,21,22,23 and to a lesser extent in 
BAs 24,25, in which studies generally focused in feasibility approaches that were frequently 
modelled according previous findings in SUDs. NIBS protocols could potentially be effective 
across SUDs and BAs if the targeted risk-factors are common in both types of disorders. However, 
if there are distinct behavioral or neurophysiologic underpinnings across SUDs and BAs, BAs-
specific NIBS protocols would need to be developed to optimize their efficacy. Therefore, we 
hypothesized that investigating the degree of behavioral and neurophysiological overlap between 
BAs and SUDs will help establish more effective NIBS protocols for BAs.    
Approaches to study behavioral addictions 
The investigation of the particular mechanisms that underlie BAs can be approached from different 
perspectives. One common approach, frequently used in previous reviews and meta-analyses, is to 
perform indirect comparisons between BAs and SUDs contrasting studies that employed similar 
methodologies and outcome measures but examined both types of addiction separately 7,26. 
Another approach consists of creating direct comparisons in research that included both BAs and 
SUDs in the same original study 27–29. Direct comparisons between BAs and SUDs should provide 
stronger evidence about behavioral and neurobiological similarities and differences between both 
disorders and help to develop treatment strategies 30,31. BAs could also be explored from another 
angle: as a separate entity, beyond its evaluation against, or within the context of SUDs 32. This 
approach has not been widely used yet, but could reveal unique characteristics of BAs which could 
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better support the clinical recognition of BAs, and consequently help to develop specific clinical 
approaches where diagnosis and treatment protocols are constructed from the particular assessment 
of the condition´s unique characteristics and severity, rather than according to the overlap with 
SUDs 33. 
Methodologies to study behavioral addictions: non-invasive brain stimulation  
The two most commonly used forms of NIBS to date are: transcranial direct current stimulation 
(tDCS) and repetitive transcranial magnetic stimulation (rTMS). Transcranial magnetic 
stimulation (TMS) is a NIBS technique that produces electrical pulses via electromagnetic 
induction. Single pulses are able to generate action potentials by depolarizing the neuronal 
membrane whereas repetitive pulses (rTMS) can modify cortical excitability 34. The effects of 
TMS in the brain are usually assessed behaviorally by measuring cognitive task performance and 
physiologically using measures of cortical excitability such as motor evoked potentials (MEPs) 35. 
tDCS is the most frequently used form of transcranial electric stimulation (tES). This technique 
produces an electric current that exerts a purely neuromodulatory effect, depending on polarity 
depolarizing or hyperpolarizing neurons, and thus increasing or decreasing cortical excitability, 
respectively 36. The effects of tDCS in the brain are frequently assessed behaviorally by measuring 
cognitive task performance, and also physiologically measuring neuronal activity with brain 
imaging techniques such as electroencephalography (EEG), or measuring brain metabolite levels 
with magnetic resonance spectroscopy (MRS), among other methodologies. 
NIBS has the potential to target specific brain areas, which allows the investigation of causal 
relations between brain activity and behavior through the manipulation of neuronal excitability. 
This capability might help improve the understanding of the physiological characteristics 
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underlying typical and atypical brain functioning, so NIBS could be used to identify potential 
biomarkers of specific disorders, such as BAs, but also to therapeutically restore dysfunctional 
brain networks. Nevertheless, the specific NIBS protocols that might be able to tackle particular 
symptoms in different addictive disorders are not established yet. Further research is necessary to 
better understand the physiological mechanisms of NIBS on brain circuitry and related induced 
behavior modulation effects.  
Investigating the characteristics of behavioral addictions: evidence to create non-invasive 
brain stimulation protocols   
Given that numerous studies comparing BAs and SUDs indirectly have already been published 
1,7,31,37,38, this review will focus on studies that have produced direct comparisons between BAs 
and SUDs, and studies that investigated BAs independently of SUDs employing NIBS. Previous 
reviews investigated research findings from studies that applied NIBS to: SUDs 20,39–41, SUDs and 
food addiction (FA) 42,43, SUDs, FA and BAs 22,44, SUDs and BAs 23 and BAs including FA 45. 
Sauvaget et al 45 conducted a systematic review in 2015 about the effects of tDCS in BAs and FA, 
but was only able to identify studies in FA, none in BAs. To our knowledge, there are not literature 
reviews yet exploring studies applying NIBS exclusively to BAs. 
The decision to exclude food addiction (FA) from our search was based on the consideration that 
the concept and classification of FA is still under debate 46,47. Previous research proposed 
positioning FA closer to BAs than to SUDs, based on relatively stronger indications of the 
existence of an addictive eating behavior underlying the disorder and the absence of agreement 
about an addictive substance-related effect 48. However, there is not enough data supporting FA as 
purely a compulsion for eating in the absence of some form of substance-related influence, and it 
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has been well-documented that certain food ingredients seem to be more addictive than others 49–
51, which implies that an addictive substance is involved in FA. Accordingly, recent research 
pursuing a clarification of the nature of FA 52 suggested that FA-related symptoms fit more 
appropriately with SUDs than with BAs 53,54. For these reasons, in this review we did not merge 
FA and BAs to preserve our intention to collect findings on the investigation of NIBS in addictive 
behaviors that are not substance-related. 
METHODOLOGY 
Original studies published in English were identified in Web PubMed and Google Scholar. A 
manual search was used by one of the authors (EGV) to identify additional relevant research for 
example referenced in previously identified publications. Two different searches were conducted: 
 
1. Research conducting direct comparisons between BAs and SUDs was identified 
by searching for the following key terms: “behavioral addiction” OR “gambling” 
OR “internet” OR “gaming” OR “social networking” OR “sex” OR “shopping” 
OR “buying” AND “substance” OR “dependence” OR  “alcohol” OR “drink” OR 
“smoking” OR “tobacco” OR “cocaine” OR “heroin” OR “cannabis” OR 
“marijuana” OR “methamphetamine” OR “ecstasy”. Inclusion criteria involved 
full text articles in humans published from 2009-2019 using behavioral and/or 
neurophysiological measures in clinical groups to compare directly in the same 
study any of the BAs and SUDs listed above. 
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2. Research applying NIBS techniques in BAs was identified by searching for the 
following key terms: “non-invasive brain stimulation” OR “transcranial 
stimulation” OR “brain stimulation” OR “transcranial magnetic stimulation” OR 
“TMS” OR “rTMS” OR “electrical stimulation” OR “tDCS” OR “tACS” OR 
“tRNS” AND “behavioral addiction” OR “gambling” OR “internet” OR “gaming” 
OR “social networking” OR “sex” OR “shopping” OR “buying”. Inclusion criteria 
involved full text articles in humans that have employed NIBS in population 
affected by BAs. 
Selection 
Studies were first screened for title coincidences with key terms. To be considered for the review, 
both categories needed to be present in the title in search #1: BAs and SUDs. Secondly, abstracts 
were reviewed to confirm inclusion criteria, and finally the full article was reviewed. Exclusion 
criteria for search #1 included studies in which the main focus was to investigate the co-occurrence 
of BAs and SUDs, studies that included participant groups that were not BAs or SUDs, studies 
that only included self-report measures and review studies. Exclusion criteria for search #2 
included studies in non-clinical population and review studies. A schematic view of the selection 
procedure is presented in Figure 1. The studies that met the inclusion criteria for search #1 were 
reviewed to identify overlapping or distinctive features between the pertinent BAs and SUDs 
investigated. These findings were grouped under similarities or differences and sub-grouped 
according to the type of data reported in behavioral or neurophysiological domains. The studies 
protocols and results were summarized in Table 1. Furthermore, these studies were divided in three 
categories depending on whether the authors reported only similarities, only differences or 
similarities and differences between the BAs and SUDs in the behavioral or neurophysiological 
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domains and are displayed in Table 2. The studies that met the inclusion criteria for search #2 were 
reviewed and the protocols and results were summarized and grouped according to the NIBS 
technique employed to investigate BAs: TMS studies are exposed in Table 3 and tDCS studies in 
Table 4.  
RESULTS 
After the selection process, 25 studies met the inclusion criteria in search #1. These studies focused 
on gambling and internet use disorder as BAs, and included cocaine, alcohol and tobacco 
addictions as SUDs. In search #2 we identified 10 studies that met the inclusion criteria including 
9 studies on GD and 1 on IGD. These results are summarized in Tables 1-4. 
Direct comparisons between behavioral addictions and substance use disorders 
Traditionally, treatment models developed from SUDs research have been applied to BAs, 
however it is important to investigate whether the similarities and differences between both types 
of addiction systematically support the transfer of treatment methodologies and protocols between 
SUDs and BAs 31. Different neurophysiological and cognitive mechanisms underlying BAs and 
SUDs would indicate the need to create specific condition-related treatment approaches, whereas 
common findings would indicate the existence of overlapping addiction-related risk-factors, and 
therefore BAs and SUDs could potentially share treatment protocols 26. In order to provide a 
general overview of the literature findings in this review, a summary of the number of studies that 
reported to find only similarities, only differences or both similarities and differences between BAs 
and SUDs direct comparisons in the behavioral and neurophysiological domains is presented in 
Table 2.  
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Similarities between behavioral addictions and substance use disorders 
Behavioral findings 
The most prominent common behavioral result observed across studies directly comparing BAs 
and SUDs is increased impulsivity levels compared to healthy controls (HC). Higher impulsivity 
relative to HC has been reported by Lawrence et al 55 and Romanczuk-Seiferth et al 56 when 
investigating gambling disorder (GD) and alcohol use disorder (AUD); by Albein-Urios et al 57, 
Contreras-Rodriguez et al 29 and Yip et al 58 in cocaine use disorder (CUD) and GD; and by Son 
et al 28, Choi et al 59, Park et al 60 and Yoon et al 61 in internet gaming disorder (IGD) and AUD . 
Decreased Stroop-response inhibition abilities were identified in CUD and GD compared to HC 
57, although de Ruiter et al 62 found similar inhibitory abilities between GD, smokers and HC. 
Goudriaan et al 63 found no differences in cue reactivity performance between GD, smokers and 
HC, neither Worhunsky et al 64 in slot-machine performance between GD, CUD and HC. Higher 
risk-taking behavior has also been associated with GD and AUD relative to HC 55. Moreover, 
Kober et al 65 compared cravings between CUD and GD revealing that an increase of craving 
specifically matching the triggering stimulus, as well as a gender interaction, were present in both 
types of addiction. Verdejo-Garcia et al 66 and Torres et al 67 showed that CUD, GD and HC 
performance did not differ in specific measures of cognitive flexibility such as percentage of 
correct responses 66, or specific blocks of decision making 67 using a probabilistic reversal learning 
task. In addition, Vanes et al 68 showed that contingency learning capacity did not differ between 
GD and AUD, nor behavioural measures of reward processing in a monetary incentive task 56. 
Other behavioral measures showing strong similarities between BAs and SUDs and contrasting 
with HC were neuroticism, agreeableness and conscientiousness 8, and loss aversion according to 
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Genauck et al 69, while de Ruiter et al 70 showed similar levels of planning abilities across smokers, 
GD and HC. 
Neurophysiological findings 
Direct comparisons between CUD and GD individuals revealed a number of neurophysiological 
similarities in relation to HC: Yip et al 58 found that impulsivity traits correlated negatively with 
grey matter structural alterations in bilateral insula, amygdala, hippocampal complex and 
parahippocampal gyri. Goudriaan et al 63 found no differences in brain activation during non-
addiction related cues between smokers, GD and HC. Kober et al 65 showed that increased activity 
in dorsomedial prefrontal cortex (dmPFC) and dorsal anterior cingulate cortex (dACC) was present 
in both types of addiction when cravings were induced and Ren et al 71 showed that stronger brain 
activation matching the addiction-related triggering cues was present in GD and CUD, and that 
both groups contrasted with HC in relation to non-addiction related cues. Furthermore, Contreras-
Rodríguez et al 29 found increased local connectivity in the orbitofrontal cortex (OFC) and 
amygdala, between OFC and dmPFC and striatum and between amygdala and insula as well as 
similar increased anticorrelation between amygdala and cerebellum overlapped between CUD and 
GD and contrasted with HC. Yip et al 72 showed that reduced secondary fiber orientation in the 
reward processing-related striatal and parietal-occipital regions was also a common characteristic 
of both CUD and GD. Worhunsky et al 9,64 also investigated these two populations which showed 
similar activity in the right-lateralised fronto-parietal network with higher engagement in 
coordinated systems of sustain control 9, increased activity in ventral striatum, insula and medial 
prefrontal cortex (mPFC) during reward anticipation, and distinct medial frontal or striatal 
responses following near-miss outcomes compared with HC 64. Romanczuk-Seiferth et al 56 
showed that successful loss avoidance was associated with reduced activity in ventral striatum in 
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AUD and GD compared with HC, and also to reduced mPFC activity in GD compared with HC. 
Verdejo-Garcia et al 66 revealed that cognitive shifting was associated with a decreased activation 
of right vlPFC in CUD and GD compared with HC. In addition, electroencephalography (EEG) 
outcomes for response to feedback during reversal learning did not differ between CUD and GD 
or HC according to Torres et al 67. GD was also compared directly with smokers and HC by de 
Ruiter et al 62,70 showing that GD and smokers presented decreased activation in anterior cingulate 
cortex (ACC) during failed inhibition 62 and similar hypoactivation of dmPFC during inhibitory 
control compared to HC 70,62. The studies by Han et al 27, Yoon et al 61, Kim et al 73 and Ge et al 74  
investigated IGD and showed that cortical volume did not differ between IGD and AUD 61, and 
that IGD and AUD individuals showed increased functional connectivity between DLPFC, 
cingulate gyrus, and cerebellum and decreased functional connectivity between the DLPFC and 
the OFC 27 as well as increased regional homogeneity (ReHO) in posterior cingulate cortex (PCC) 
compared to HC 73. IGD and nicotine dependent (ND) individuals shared decreased resting state 
functional connectivity (rsFC) in the right insula and left inferior frontal gyrus (IFG) with the 
DLPFC compared to HC, suggesting that both BAs and SUDs might have similar neural inhibitory 
mechanisms regulating craving and impulsivity 74.  
Differences between behavioral addictions and substance use disorders 
Behavioral findings 
A direct comparison between GD, AUD and HC by Choi et al 59 showed that compulsivity 
measures were higher in GD compared with AUD, IGD and HC, whereas impulsivity was lower 
in GD compared with AUD and IGD, and also in smokers compared with IGD 74. Goudriaan et al 
63 found that subjective cravings were higher after a cue-reactivity task in GD compared with 
smokers. In addition, Lawrence et al 55 revealed that individuals with AUD showed working-
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memory deficits and slower decision-making compared to GD and HC groups. Severe response 
perseveration had also been found in GD individuals compared with smokers by de Ruiter et al 70; 
by Verdejo-Garcia et al 66 in CUD compared with GD and HC, showing that perseveration error 
rate was positively correlated with lifetime use, but in contrast, this correlation was negative in 
GD; and by Torres et al 67 in CUD compared with GD in specific decision-making outcomes. 
Vanes et al 68 showed that GD were faster in discrimination learning compared with AUD. 
Contreras-Rodriguez et al 29 found that the impulsivity-related trait of negative urgency was higher 
in CUD when compared to GD and HC. Furthermore, Yoon et al 61 found working-memory 
impairments in AUD compared with IGD and Albein-Urios et al 57 showed that decreased 
working-memory abilities were characteristic of CUD compared with GD, suggesting that 
working-memory deficits could be a possible effect of stimulant-induced neurotoxicity. 
Neurophysiological findings 
Direct comparisons between CUD and GD against HC revealed reduced insula and IFG as well as 
decreased grey matter volumes (GMVs) in ACC, OFC, medial frontal cortex and DLPFC, but only 
in CUD group compared to both GD and HC; with no differences in GMV between GD and HC, 
and no indication of shared GM structure between GD and CUD in the study by Yip et al 58. CUD 
showed also higher global connectivity in areas of the ventral corticolimbic system, including the 
OFC, striatum, amygdala and thalamus, however no brain region showed increased global 
connectivity in GD compared to CUD or HC. Increased connectivity in the vmPFC was associated 
with higher impulsivity measures of negative urgency in CUD relative to GD. Addiction severity 
in CUD was associated with higher connectivity in striatum-thalamic-limbic areas and stronger 
anticorrelations of limbic-cerebellar areas, whereas there were no significant correlations between 
connectivity alterations and gambling severity in GD according to Contreras-Rodriguez et al 29. 
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Torres et al 67 revealed that reversal learning deficits were associated with abnormal activity in 
prefrontal and orbitofrontal areas in GD compared with CUD. Furthermore, Verdejo-Garcia et al 
66 showed that the number of perseverative errors were correlated negatively with medial frontal 
gyrus activation in CUD but positively in GD. In addition, cognitive shifting was associated with 
reduced activation in the right dlPFC in CUD compared with GD and HC. Worhunsky et al 9,64 
showed that GD presented a greater engagement of medial frontal cognitive-integration network 
and higher striato-amygdala engagement during decisions to quit chasing relative to continuing 
chasing losses. Using a simulated slot-machine game, CUD showed abnormal engagement of the 
striato-amygdala motivational network when losing compared to HC and during decision-making 
compared to GD 9. GD showed higher striatal activity during anticipation of winning whereas 
CUD had greater deactivation during anticipation of losing outcomes, which indicated that GD 
presented higher positive possible-reward anticipation and CUD more negative certain-loss 64. 
Genauck et al 69 compared GD with AUD individuals, with the latter showing altered loss-related 
activity in lateral prefrontal regions compared to altered amygdala-prefrontal functional 
connectivity in GD. AUD also presented reduced ventral striatal response during gain anticipation 
compared to HC, however there were no differences between GD and HC. In addition, loss 
anticipation was associated with a reduced activity in ventral striatum in AUD relative to HC, and 
with a higher activation of posterior striatum in GD compared to AUD and HC according to 
Romanczuk‐Seiferth et al 56.  Van Holst et al 75 revealed that GMV were reduced in the left superior 
frontal cortex, left precentral cortex, right insula, right putamen, left thalamus, bilateral superior 
parietal cortex and right supramarginal cortex in AUD compared to GD and HC. Compared against 
a sample of smokers there is also evidence by de Ruiter et al 70 that indicates a decreased activation 
in right ventrolateral PFC (rVLPFC) to reward and punishment in GD, whereas a decrease in 
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activation of rVLPFC was associated only with punishment in these smokers. Moreover, activity 
in DLPFC, posterior parietal cortex and hyperresponsiveness to monetary gains was increased in 
cigarette smokers compared to GD and HC. Goudriaan et al 63 found that cravings correlated 
positively with brain activation in left ventrolateral prefrontal cortex and left insula in GD, 
however comparing smokers with GD and HC, there were no differences in brain activity induced 
by smoking cues. Kober et al 65 showed specific differences in cues-related brain activity in CUD, 
with greater activation in occipital, temporal, frontal and hippocampal regions compared with GD 
and HC. Furthermore, Ren et al 71 revealed that activity in the insula, anterior cingulate cortex and 
prefrontal cortex could be associated with urge for cocaine, whereas activity in posterior and 
anterior cingulate cortex could be associated with gambling urges. According to Ge et al 74 internet 
gaming disorder (IGD) showed increased resting state functional connectivity (rsFC) in the left 
inferior temporal gyrus, right inferior orbitofrontal (OF) gyrus and decreased rsFC in in right 
middle occipital gyrus, supramarginal gyrus, and cuneus with DLPFC compared to smokers. IGD 
has been directly compared with AUD by Han et al 27 showing that AUD presented positive 
functional connectivity between DLPFC and temporal lobe and striatal areas, while IGD´s 
functional connectivity was negative for these areas. Yoon et al 61 showed that functional 
connectivity between left vmPFC and hippocampus/amygdala was stronger in IGD compared with 
AUD. Moreover, addiction severity correlated positively with larger hippocampus/amygdala 
volume in IGD compared with HC, and impaired working-memory correlated with smaller 
cerebellar function in AUD compared with HC. Kim et al 73 showed that reduced regional 
homogeneity (ReHo) in the superior temporal gyrus (STG) was specific of IGD and decreased 
ReHo in the ACC in AUD. Internet addiction severity was positively correlated with ReHo in the 
medial frontal cortex, precuneus posterior cingulate cortex (PCC), and left inferior temporal cortex 
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(ITC) in IGD. Impulsivity scores were negatively correlated with the left ITC in IGD. 
Electroencephalography (EEG) resting state results revealed different band patterns between IGD 
and AUD, in particular Son et al 28 showed lower beta power in IGD compared to AUD and HC, 
and higher absolute delta power in AUD compared to IGD and HC. Furthermore, Park et al 60 
identified that IGD showed greater gamma coherence compared with AUD and HC, whereas AUD 
showed increased theta band compared with HC. These results suggested that different EEG neural 
connectivity could potentially be used as biological markers for each type of disorder.  
Non-invasive brain stimulation in behavioral addictions 
Two NIBS techniques have been applied to BAs: rTMS and tDCS. Studies employing rTMS in 
GD (see Table 3) 76,77,17,78,24,79 targeted the left primary motor cortex (Chowdhury et al 78) and 
found a significant negative correlation between short-interval cortical inhibition (SICI - indicative 
of GABAergic activity) and stop signal task reaction time (SSRT), but no correlation between intra 
cortical facilitation (ICF - indicative of glutamatergic activity) and SSRT. As such, poor inhibitory 
control has been linked to weak GABAergic activity. At risk gamblers showed high impulsivity 
but did not differ on SSRT or SICI/ICF from HC 78. Left dorsolateral prefrontal cortex (lDLPFC) 
rTMS applied with an H-coil, which induces currents that reach deeper into the brain, was 
investigated by Rosenberg et al 76 as a possible treatment for GD. They showed that the stimulation 
was initially associated with improvements in self-report measures including addiction severity 
and cravings, however gambling behaviors continued. Gay et al 24 targeted also lDLPFC with a 
conventional 8-shaped coil inducing current primarily in the cortex, which significantly decreased 
cue-induced craving compared to sham. Moreover, a recent case report by Pettorruso et al 79 
showed that high frequency rTMS over lDPFC was associated with a decrease in dopamine 
transporter (DAT) availability in striatal regions and a cessation of gambling cravings and 
18 
 
 
gambling behavior. Sauvaget et al 17 showed that right DLPFC (rDLPFC) stimulation led to a 
significant decrease in gambling urge in both real stimulation and sham. Zack et al 77 showed that 
rTMS targeting mPFC reduced post-game increases in desire to gamble and cTBS on rDLPFC 
reduced amphetamine-like effects, decreased diastolic blood pressure and decreased symptoms of 
behavioral addiction but not impulsive choice. 
Studies applying tDCS (see Table 4) 80,81,82,25 in GD and using a montage designed to target anodal 
rDLPFC (Soyata et al 80) found that stimulation enhanced decision making and cognitive 
flexibility, and in addition Dickler et al 81 reported that active stimulation likely increases GABA 
levels compared to sham, whilst also showing positive correlations between metabolite levels in 
stimulation and risk-taking, impulsivity and craving levels. Martinotti et al 82 revealed that tDCS 
with a montage designed to target bilateral DLPFC was associated with significantly improved 
psychiatric symptomatology, gambling severity and craving levels as well as with a stop in 
gambling behaviors that lasted for up to 6 months after the intervention in a case study. tDCS has 
also been used to investigate online gaming by Lee et al 25, and results showed that a lDLPFC 
stimulation montage was associated with increases in self-control that correlated with decreases in 
addiction severity, time spent on games and changes in regional cerebral glucose metabolism in 
the DLPFC. 
DISCUSSION 
In this review, we examined results from studies that directly compared BAs and SUDs and studies 
that applied NIBS in BAs with the aim to contribute to the development of NIBS protocols for 
BAs. In our review, 22 out of 25 studies comparing directly BAs and SUDs found both similarities 
and differences between the disorders. Investigating the overlap between BAs and SUDs might 
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help improve the understanding of the unique characteristics of BAs and thus inform the 
development of treatment protocols specific for each disorder. 
Not surprisingly, we found common behavioral and neurophysiologic features across BAs and 
SUDs, most notably impulsivity traits and brain structural and functional alterations affecting 
bilateral insula, amygdala, hippocampi and parahippocampal gyri; as well as dorsomedial 
prefrontal cortex (dmPFC) and dorsal anterior cingulate cortex (dACC) specifically during 
craving. On the other hand, we also found differences between BAs and SUDs, notably BAs 
specifically showed different patterns of striatal activity, in particular, greater striatal activation 
was linked to BAs during positive reward anticipation, however, during negative loss anticipation 
in SUDs. Moreover, striatal-amygdala interactions were greater during decisions to quit chasing 
losses in BAs but linked to losses in SUDs. BAs showed also lower activation of right ventrolateral 
prefrontal cortex (rVLPFC) during reward and punishment, and particularly, left (lVLPFC) 
activation correlated with cravings in BAs, however in SUDs lower activity of rVLPFC was linked 
only to punishment and did not correlate with cravings. Furthermore, altered amygdala-prefrontal 
functional connectivity was observed in BAs, with negative functional connectivity between 
DLPFC, temporal lobe and striatal areas, whilst in SUDs functional connectivity was positive in 
these areas. In addition, BAs showed lower levels of the impulsivity trait of negative urgency 
compared to SUDs. Together, these results suggest that the altered reward network in behavioral 
addicted populations might be linked especially to higher sensitivity to positive reinforcement. 
However, most of the studies reviewed comparing BAs and SUDs focused in GD, and additional 
studies considering other BAs will help to better understand the specific neurophysiological 
mechanisms underlying each disorder.  
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A closer examination of the similarities and differences found between BAs and SUDs revealed 
that in our results there was certain variability when splitting findings by behavioral and 
neurophysiological data (see Table 2): a greater number of studies reported finding similarities 
rather than differences between BAs and SUDs based on behavioral data (10 studies found 
similarities and differences, 11 studies reported only similarities and 1 reported only differences 
between BAs and SUDs). However, neurophysiological evidence showed that across studies 
numerous differences and similarities existed between different types of BAs and SUDs (15 studies 
found both similarities and differences, 2 studies reported only similarities and 4 studies reported 
only differences between BAs and SUDs). The 4 studies that reported only differences between 
BAs and SUDs in the neurophysiological domain compared GD or IGD against AUD, and the 
other study that reported only differences in the behavioral domain compared GD with smokers. 
This might suggest that these SUDs, particularly AUD, present more distinctive physiological 
characteristics when compared to BAs than other SUDs such as CUD. Furthermore, from the 18 
studies that used both behavioral and neurophysiological outcome measures, the findings were 
consistent between both behavioral and neurophysiological domains in 8 studies (6 studies 
reported similarities and differences in both domains and 2 studies found only similarities in both 
domains). In contrast, there were discrepancies between the domains in 10 studies (7 studies 
reported similarities and differences between BAs and SUDs in the neurophysiological domain, 
however from those, 6 studies found only similarities, and 1 study only differences in the 
behavioral domain. Also, 3 studies reported only differences in the neurophysiological domain and 
only similarities in the behavioral domain). This indicates that the use of both types of outcome 
measures might help to detect possible markers associated with each type of addiction that could 
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remain uncovered when using only behavioral measures. Nonetheless, there are many factors in 
the protocols that should be considered, such as outcomes of interest and variables used to establish 
stronger conclusions about the findings associated with each type of addiction.  
We summarized protocols and results from 10 studies using NIBS to investigate BAs. NIBS 
techniques included 6 studies using rTMS, and 4 tDCS; and for the BAs types assessed 9 studies 
were on GD and 1 on IGD. The most common stimulation target was the DLPFC, but the laterality 
varied across studies. Results showed neurophysiological changes in GABA levels, glucose 
metabolism, dopamine transporter availability and also addiction severity and behavioral 
modulation. In particular, cravings were successfully reduced across different studies, which aligns 
with NIBS findings in SUDs 20. The correspondence between results revealing a decrease in 
cravings in studies that applied NIBS to both BAs and SUDs is congruent with the overlap in 
cognitive and neurophysiological features involving cravings outcomes between CUD and GD 
reported by Kober et al 65 and Ren et al 71, however the other study that focused in comparing 
cravings between BAs and SUDs by Gourdiaan et al 63 found also different craving related brain 
activation patterns between smokers and GD. Additional research investigating specific BAs 
features, such as cravings – which constitutes an important target in treatment interventions, will 
help to custom treatment protocols to each type of addiction.  A reduction of cravings was reported 
in several studies using different TMS and tDCS protocols in BAs, however behavioral modulation 
effects were less frequent. The study by Rosenberg et al 76 in 2013 was the first to investigate the 
effects of TMS as a possible intervention for GD, and with that aim they applied 15 stimulation 
sessions, and although measures including cravings and addiction severity initially improved, they 
found no behavior changes. The other three studies that applied a higher number of stimulation 
sessions, found not only a decrease of cravings, but also a reduction of addiction severity and time 
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spent on games (Lee et al 2018 25 applied 12 tDCS sessions in IGD) and even a cease of addictive 
behaviors (Martinotti et al 2018 82 applied 38 tDCS sessions in GD and Pettorruso et al 2019 79 
applied 20 rTMS sessions in GD). These findings suggest that increasing the number of stimulation 
sessions might be a factor that could help to strengthen the effects of NIBS over the underlying 
mechanism regulating addictive behaviors, and therefore improve NIBS effectiveness as a 
treatment intervention for BAs.  The DLPFC was the most employed targeted area, however 
investigating the effects of NIBS in additional brain areas involved in the reward system, such as 
mPFC, and examining brain resting state and connectivity networks activation might provide new 
information about the potential effects of NIBS as an effective promising treatment intervention 
for BAs. Moreover, employing reward/loss tasks addiction-specific that measure brain activation 
during anticipation, decision-making and reward/loss outcome is fundamental to effectively 
capture in more realistic scenarios the particular characteristics underlying each addictive 
behavior. As reviewed here, NIBS techniques are beginning to be explored in BAs and show some 
promising results. However, given our findings, neuromodulation protocols ought to consider the 
similarities as well as the differences between BAs and SUDs in order to be optimized to be most 
effective in BAs. In the following sections we offer some considerations that seem important to 
consider in such efforts. 
Comorbidities 
Comorbidity between BAs and SUDs and between addictions more broadly and other psychiatric 
disorders is high 83,84. However, treatment protocols have not always been adapted to target specific 
comorbidities. The assessment of the interaction between comorbidities and between different 
types of treatments should be addressed to develop compatible protocols to treat diverse individual 
situations effectively 85. In the field of NIBS, research has started to consider comorbid disorders 
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such as addiction and major depressive disorder, to examine the feasibility of the procedures 86 and 
to investigate the application of different protocols in the same person to target different symptoms: 
for example, tDCS stimulation over the left DLPFC to target cravings and over the right DLPFC 
to target emotional impulses 82. More research is clearly needed to understand the interactive 
effects of several NIBS protocols applied to each specific disorder, and interactions between NIBS 
and other commonly used treatments such as pharmacology or psychotherapy.  
Non-invasive brain stimulation methodologies 
The biological differences that exist between individuals constitute a major factor that increases 
the variability of NIBS effects across studies, and its consideration represents a challenge in the 
development of new technologies designed to specifically modulate the selected brain targets with 
a particular purpose. Beyond considering individual differences, understanding the interactive 
effects of the electric field with different types of neurons and different types of tissues in the brain 
will help to identify which is the location where the electric current is highest during stimulation 
87, and therefore will help optimize TMS coil positioning or tES electrode montages to optimally 
engage the desired stimulation target. To this end, computational models that provide biophysical 
metrics to be compared with behavioral and physiological outcomes, can be extremely valuable 
and could increase the efficacy and reproducibility of the results 88. Future NIBS studies will 
benefit from including neuronavigation and modelling approaches to document brain target 
engagement and improve stimulation accuracy. In addition, by including not only behavioral 
outcomes but also neurophysiological measures such as EEG or magnetic resonance imaging 
(MRI), future NIBS studies can measure the physiological effects of NIBS in the selected brain 
target and relate these to the behavioral consequences of the intervention – thus providing true 
causal insights between brain activity and behavior. Most NIBS studies conducted to date focused 
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on proof-of-concept approaches with small samples sizes and lack of strong control conditions. 
Larger sample size studies, including randomized double blind sham conditions, are needed to 
truly explore the utility of NIBS in BAs.  
Could non-invasive brain stimulation interventions cause addiction? 
The dopamine replacement therapy treatment prescribed to Parkinson´s disease (PD) patients has 
been associated with the development of addictions 89. This adverse effect of the medication 
underlines the biological component of addiction and also highlights how medical treatments that 
interact with the underlying neurophysiology, notably brain reward systems, may potentiate 
vulnerability to addiction. Pharmacological treatments are evaluated for possible adverse effects 
and behavioral change consequences, and research investigating the development of other 
interventions such as NIBS should also consider such factors. Previous studies have demonstrated 
the neurophysiological effects of NIBS 36,90,91 and its potential to modulate neural activity in 
dysfunctional brain networks 92, induce the release of endogenous dopamine 93 and  to impact upon 
behavioral outcomes 94. Neuromodulation techniques are brain state dependent and their effects 
can change due to pharmacological interactions 95. Potential clinical procedures utilizing NIBS are 
still being developed and it is essential to be cautious and to carefully assess each trial protocol 
taking into account comorbid disorders, treatment combination interactions and the 
neurophysiological effects that might lead to specific behavioral modulation. As with other 
treatments which affect factors associated with addiction (e.g. dopamine, reward processing, 
impulsivity/decision making), NIBS based treatment and research needs to remain mindful of 
potentially negative consequences for the patients and study participants. 
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To summarize, further research employing modelling approaches to improve stimulation accuracy, 
that include behavioral and neurophysiological measurements, combining NIBS with 
neuroimaging techniques, include double-blind randomized sham conditions, and consider 
comorbid disorders, other treatment interactions and long-term effects, will contribute with the 
development of more precise treatment NIBS protocols. Furthermore, within BAs and SUDs, the 
development of individual protocols for each type of BAs and each type of SUDs will be more 
beneficial to successfully improve addiction treatment outcomes. In conclusion, it is important to 
acknowledge both the similarities and differences highlighted in BAs and SUDs research, so that 
whilst BAs cannot be effectively managed using simple mapping of SUDs findings to BAs, there 
are likely to be aspects of overlap that are worth further exploration – and that understandings of 
BAs and SUDs, and of NIBS based and other treatments in both fields, are likely to provide a rich 
dialogue from which individualized recovery and management can emerge.  
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TABLE 1 
Summary of cognitive and neurophysiological findings in studies that directly compared behavioral addictions (BAs) and substance use disorders (SUDs). 
Author Sample Outcomes of interest Measures Results 
Albein-
Urios et al. 
2012 57 
23 GD 
29 CUD 
20 HC 
Cognitive 
performance, trait 
impulsivity,  
addiction severity, 
delay discounting, 
inhibition, working 
memory performance 
UPPS-P trait impulsivity, Kirby delay discounting 
questionnaire, N-back task, Delis-Kaplan Executive 
Function System (D-KEFS) Color-Word 
Interference Test (CWIT), Structured clinical 
interview (SCID-CV) diagnostic and statistical 
manual  (DSM-IV) 
CUD reported increased Negative Urgency and decreased 
working memory compared to GD. Delay- discounting rates 
were higher in GD. Positive Urgency and poorer Stroop 
inhibition was found in CUD and GD compared to HC. 
Cocaine use was negatively correlated with working memory 
and response inhibition performance. 
Contreras-
Rodriguez 
et al. 2016 
29 
19 GD 
20 CUD 
21 HC 
Resting state 
functional 
connectivity, 
addiction severity, 
impulsivity 
Magnetic resonance imaging (MRI), Interview for 
research in addictive behavior, UPPS-P impulsivity, 
Structured clinical interview (SCID-CV) diagnostic 
and statistical manual  (DSM-IV-TR) 
CUD showed greater global connectivity in ventral 
corticoestriatal network involving the orbitofrontal cortex, 
caudate, thalamus and amygdala compared with GD. CUD 
showed also increased connectivity between the orbitofrontal 
and subgenual cingulate cortices and between caudate and 
lateral prefrontal cortex compared with GD. Results showed 
overlapping connectivity changes between the orbitofrontal 
and dorsomedial prefrontal cortices and between amygdala 
and insula in CUD and GD compared to HC. 
Choi et al. 
2014 59 
 
15 GD 
15 AUD 
15 HC 
Impulsivity and 
compulsivity, 
addiction severity 
Young’s Internet Addiction Test (IAT),   Structured 
clinical interview diagnostic and statistical manual  
(DSM-V, DSM-IV SCID), Problem Gambling 
Severity Index (PGSI), Barratt Impulsiveness Scale 
version 11 (BIS-11),  Stop-signal task (SST), Intra–
extra dimensional set shift, Trail Making Test 
Impulsivity was higher in IGD and AUD compared to GD 
and HC. Compulsivity measures were higher in GD 
compared to IGD and HC. IGD and AUD showed decreased 
rate of successful stops in the stop signal task compared to 
HC.  
Ge et al. 
2017 74 
27 IGD 
29 
Smokers 
33 HC 
Resting state 
functional 
connectivity of 
DLPFC, addiction 
severity, impulsivity 
Magnetic resonance imaging (MRI), Structural 
Clinical Interview for  diagnostic and statistical 
manual (DSM-IV), Diagnostic questionnaire for 
internet addiction (YDQ), Chinese Internet 
Addiction Scale (CIAS), Barratt Impulsivity Scale 
(BIS-11), Fagerström test of nicotine dependence 
(FTND) 
IGD and smokers showed decreased rsFC with DLPFC in 
the right insula and left inferior frontal gyrus compared to 
HC. IGD had increased rsFC compared to smokers in the left 
inferior temporal gyrus, right inferior OF gyrus and 
decreased rsFC in right middle occipital gyrus, 
supramarginal gyrus, and cuneus with DLPFC, attributed to 
visual and auditory stimulation in gaming. 
 
TABLE 1 (continued) 
Author Sample Outcomes of interest Measures Results 
Genauck et 
al. 2017 69 
19 GD 
15 AUD 
17 HC 
Loss aversion neural 
correlates, addiction 
severity, cognitive 
distortions 
Functional magnetic resonance imaging (fMRI), 
Loss aversion task, German short questionnaire for 
gambling behavior (KFG), Structured Clinical 
Interview for  diagnostic and statistical manual 
(DSM-IV) Axis I Disorders (SCID-I), Yale Brown 
Obsessive Compulsive Scale adapted for GD (PG-
YBOCS), Gambling Symptom Assessment Scale 
(G-SAS), Alcohol Dependence Scale (ADS), 
Obsessive Compulsive Drinking Scale (OCDS), 
Gamblers’ Beliefs Questionnaire (GBQ) 
GD and AUD showed reduced loss aversion. AUD showed 
altered loss-related modulation of activity in lateral 
prefrontal regions. GD showed altered amygdala-prefrontal 
functional connectivity. 
 
Goudriaan 
et al. 2010 
63 
17  GD 
18  Smokers 
17 HC 
Cue reactivity neural 
correlates, addiction 
severity, cravings 
Functional magnetic resonance imaging (fMRI), 
gambling, smoking-related and neutral pictures, cue 
reactivity task, probabilistic reversal learning task, 
planning task, Stop Signal Task, Diagnostic and 
statistical manual (DSMIV-TR),  South Oaks 
Gambling Screen (SOGS), Fagerström Test for 
Nicotine Dependence (FTND), urges questionnaires 
GD showed higher brain activation compared to smokers 
and HC when viewing gambling pictures in visual 
processing and emotion-motivation brain areas. GD´s 
craving correlated positively with brain activation in left 
ventrolateral prefrontal cortex and left insula. However, no 
significant differences in brain activity induced by smoking 
cues were found comparing smokers with GD and HC. 
Higher Nicotine Dependence scores in smokers was 
associated with increased activity in ventromedial 
prefrontal cortex, rostral anterior cingulate cortex, insula 
and middle/superior temporal gyrus when watching 
smoking pictures compared to smokers subgroup with 
lower scores. 
Han et al. 
2015 27 
15 IGD 
16 AUD 
Functional 
connectivity, 
addiction severity 
Magnetic resonance imaging (MRI),  Diagnostic 
and statistical manual (DSM-V), Young Internet 
Addiction Scale (YIAS), Michigan alcohol 
screening test (MAST), Korean Alcohol Urge 
Questionnaire (AUQ-K)  
Results showed that AUD and IGD had positive functional 
connectivity between DLPFC, cingulate and cerebellum 
and negative functional connectivity between DLPFC and 
OFC. AUD showed positive functional connectivity 
between DLPFC and temporal lobe and striatal areas while 
IGD´s functional connectivity was negative for these areas. 
 
TABLE 1 (continued) 
Author Sample Outcomes of interest Measures Results 
Kim et al. 
2015 73 
16 IGD 
14 AUD 
15 HC 
Resting state, local 
connectivity, clinical 
status,  impulsivity 
Functional magnetic resonance imaging (fMRI) - regional 
homogeneity (ReHo) measures, Young's Internet addiction 
test (IAT), Structured Clinical Interview for  diagnostic and 
statistical manual (DSM-IV SCID), Korean version of 
Alcohol Use Disorder Identification Test (AUDIT-K), 
Barratt Impulsiveness Scale version 11 (BIS-11) 
Results showed increased ReHo in the posterior 
cingulate cortex (PCC) in IGD and AUD and 
decreased ReHo in the right superior temporal gyrus 
(STG) in IGD compared with AUD and HC. There 
was a decreased ReHo in the anterior cingulate cortex 
in AUD. Internet addiction severity was positively 
correlated with ReHo in the medial frontal cortex, 
precuneus/PCC, and left inferior temporal cortex 
(ITC) in IGD. Impulsivity scores were negatively 
correlated with the left ITC in IGD. 
Kober et al. 
2016 65 
28 GD 
30 CUD 
45 HC 
Neural correlates of 
craving, addiction 
severity 
Functional magnetic resonance imaging (fMRI),  South 
Oaks Gambling Screen (SOGS), Fagerström Test for 
Nicotine Dependence (FTND), Urges/craving rating (scale 
1-10), Structured clinical interview for GD (SCI-PG),  
Diagnostic and statistical manual (DSM-VI), Craving-
inducing videos 
CUD and GD reported strong cravings to cocaine and 
gambling videos respectively. Neuroimaging data 
showed the activation of the anterior cingulate 
cortex/ventromedial prefrontal cortex (mPFC) during 
cocaine videos in CUD, dorsal mPFC region during 
cocaine videos in CUD, gambling videos in GD, and 
sad videos in HC. There was also a gender interaction 
that distinguished men and women cravings-related 
neural correlates. 
Lawrence et 
al. 2009 55 
21 GD 
21 AUD 
21 HC 
Decision-making, 
impulsivity and 
working memory 
South Oaks Gambling Screen (SOGS),  Diagnostic and 
statistical manual (DSM-IV-TR), Drug Abuse Screening 
Test (DAST-10), Severity of Alcohol Dependence 
Questionnaire (SADQ), Alcohol Use Disorders 
Identification Test (AUDIT-C), Cambridge Gambling Task 
(CGT), Information Sampling Task (IST), Spatial Working 
Memory, Digit Span 
Results showed risky decision-making and cognitive 
impulsivity deficits in GD and AUD compared to HC. 
Working memory deficits and slower reaction time 
were found in AUD. 
 
TABLE 1 (continued) 
Author Sample Outcomes of interest Measures Results 
Park et al. 
2017 60 
 
30 IGD 
30 AUD 
32 HC 
Neural connectivity, 
level of phasic 
synchronization,  
addiction severity,  
impulsivity 
Electroencephalography (EEG) intra and inter 
hemispheric coherence values,  Diagnostic and 
statistical manual (DSM-V), Barratt Impulsivity 
Scale-11 (BIS-11),  Internet Addiction Test 
(IAT), Alcohol Use Disorders Identification Test 
(AUDIT) 
IGD showed increased intrahemispheric gamma (30-40Hz) 
coherence compared with AUD and HC. Right fronto-
cetral gamma coherence predicted scores of the internet 
addiction test. AUD showed increased intrahemispheric 
theta (4-8Hz) coherence compared with HC.  
Ren et al. 
2017 71 
15 GD 
14 CUD 
15 HC 
Neural responses to 
naturalistic stimuli, 
addiction severity 
Functional magnetic resonance imaging (fMRI),  
Structural Clinical Interview for  diagnostic and 
statistical manual (DSM-IV, SCID), South Oaks 
Gambling Screen (SOGS), Video stimuli  
Group-wise sparse coding and representation strategy 
detected similar activation patterns and different brain 
networks affected in GD and CUD.  
Romanczuk-
Seiferth et 
al. 2015 56 
18 GD 
15 AUD 
17 HC 
Neural correlates of 
reward processing, 
addiction severity,  
impulsivity 
Functional magnetic resonance imaging (fMRI), 
Monetary Incentive Delay task, German short 
questionnaire for GD (KFG), ICD-10,  Diagnostic 
and statistical manual (DSM-IV), Gambling 
Symptom Assessment Scale (G-SAS), Yale 
Brown Obsessive Compulsive Scale for GD (PG-
YBOCS), Barratt Impulsivity Scale (BIS-10) 
GD showed increased activity in right ventral striatum 
during loss anticipation compared to AUD, and decreased 
activation in the right ventral striatum and right mPFC 
during loss avoidance, which was associated inversely with 
severity of GD, compared to HC.   
Ruiter et al. 
2009 70 
19 GD 
19 
Smokers 
19 HC 
Response 
perseveration, reward 
and/or punishment 
sensitivity, executive 
functions neural 
correlates, addiction 
severity 
Functional magnetic resonance imaging (fMRI), 
Probabilistic reversal-learning task, Tower of 
London,  Diagnostic and statistical manual 
(DSM-IV) Diagnostic Interview Schedule (DIS), 
South Oaks Gambling Screen (SOGS), 
Fagerström interview 
GD showed severe response perseveration and diminished 
reward and punishment sensitivity associated with reduced 
activation of rvmPFC during monetary gains and losses 
compared to smokers, who showed hyperresponsiveness of 
the insular cortex to monetary gain compared to both 
healthy controls and GD. Planning and activation of dorsal 
frontostriatal circuit was intact in GD and smokers. 
 
 
 
TABLE 1 (continued) 
Author Sample Outcomes of interest Measures Results 
Ruiter et al. 
2012 62 
17 GD 
18 Smokers 
17 HC 
Response inhibition 
neural correlates,  
addiction severity 
Functional magnetic resonance imaging (fMRI), 
Diagnostic Interview Schedule (DSM-VI),  Stop Signal 
Task (SST),  South Oaks Gambling Screen (SOGS), 
Fagerström scores 
Behavioral performance on the SST was similar 
across all groups. GD and smokers showed 
hyporesponsiveness of DLPFC compared to HC. 
Son et al. 
2015 28 
34 IGD 
17 AUD 
25 HC 
Resting state, absolute 
and relative power, 
addiction severity, 
impulsivity 
Quantitative electroencephalography (qEEG),  
Diagnostic and statistical manual (DSM-V), Young's 
Internet Addiction Scale (YIAS), Alcohol Use Disorder 
Identification Test-Korea (AUDIT- K), Barratt 
Impulsiveness Scale version 11 (BIS-11) 
IGD had lower absolute beta power than AUD and 
HC. AUD had higher absolute delta power than ID 
and HC. 
 
Torres et al. 
2013 67 
21 GD 
20 CUD 
23 HC 
Associative learning 
and 
electroencephalograp
hic response to 
feedback,  addiction 
severity,  impulsivity 
Electroencephalography (EEG),  Structural Clinical 
Interview for  diagnostic and statistical manual (DSM-
IV SCID), Interview for Research on Addictive 
Behavior (IRAB), UPPS impulsivity scale, Probabilistic 
reversal learning task (PRLT), Go/no-go inhibition task 
GD and CUD showed different learning curves in a 
probabilistic reversal learning task. GD relative to HC 
showed reduced electroencephalographic response to 
feedback (Feedback Related Negativity, FRN), 
however FRN did not differ between CUD and GD or 
HC. Cortical activity in regions of interest differed 
between GD and CUD.  
Van Holst  
et al. 2012 75 
40 GD 
36 AUD 
54 HC 
Grey-matter volumes, 
addiction severity 
Whole-brain voxel-based morphometry,  South Oaks 
Gambling Screen (SOGS), Diagnostic Interview 
Schedule (DSM-IV-TR), Dutch version of the Clinical 
International Diagnostic Inventory (CIDI), Alcohol Use 
Disorders Identification Test (AUDIT) 
AUD presented smaller grey matter volumes in left 
superior frontal cortex, left precentral cortex, right 
insula, right putamen, left thalamus, bilateral superior 
parietal cortex and right supramarginal cortex 
compared to GD and HC. There were no GMV 
differences between GD and HC. 
Vanes et al. 
2014 68 
28 GD 
33 AUD 
18 HC 
Discrimination, 
reversal and 
extinction learning,  
addiction severity,   
impulsivity 
Structural Clinical Interview for  diagnostic and 
statistical manual (DSM-IV SCID, DSM-IV-TR), South 
Oaks Gambling Screen (SOGS),  Alcohol Use Disorders 
Identification Test (AUDIT),  Barratt Impulsivity Scale 
(BIS-11), Deterministic discrimination learning task  
Discrimination learning, reversal learning and 
extinction learning scores did not differ between GD, 
AUD and HC. Speed of learning was faster in GD 
compared with AUD, and both GD and AUD learnt 
slower than HC in reversal and extinction learning.  
 
TABLE 1 (continued) 
Author Sample Outcomes of interest Measures Results 
Verdejo-
Garcia et al. 
2015 66 
18 GD 
18 CUD 
18 HC 
Neural mechanisms 
of cognitive 
flexibility 
Functional magnetic resonance imaging, 
Genetic testing,  Probabilistic reversal learning 
task,  Diagnostic and statistical manual (DSM-
IV) clinician Version (SCID-I-CV), 
International Personality Disorders Examination 
(IPDE) 
Both GD and CUD showed reduced ventrolateral prefrontal 
cortex (PFC) activation during reversal shifting. CUD showed 
increased dorsomedial PFC activation compared to GD during 
perseveration, and decreased dorsolateral PFC activation 
compared to GD and HC during shifting.  DRD2/ANKK 
Taq1A1+ genotype seem to be linked in CUD with shifting-
related ventrolateral PFC signal.  
Worhunsky 
et al. 2014 64 
24 GD 
24 CUD 
24HC 
Contextual reward-
processing neural 
correlates,  slot 
machine performance 
Functional magnetic resonance imaging (fMRI) 
– slot machine task, Diagnoses using semi-
structured clinical interviews (DSM-IV SCID) 
GD and CUD showed increased anticipatory activity in 
mesolimbic and ventrocortical regions compared to HC.  GD 
had higher positive possible-reward anticipation whereas CUD 
showed more negative certain-loss anticipation. Both groups 
differed from HC in the level of medial frontal or striatal 
responses following near-miss outcomes. 
Worhunsky 
et al. 2017 9 
25 GD 
18 CUD 
27 HC 
Chasing losses neuro 
correlates 
Functional magnetic resonance imaging (fMRI), 
loss-chase task,  Diagnostic and statistical 
manual (DSM-IV) semi-structured clinical 
interviews  (SCID) 
 
GD showed greater engagement of medial frontal processing 
networks compared with CUD and HC in choices to quit 
chasing losses. CUD had altered striato-amygdala motivational 
network when losing compared to HC and during decision-
making compared to GD. Findings showed greater coordinated 
activity between executive control network in both GD and 
CUD relative to HC. 
Yip et al. 
2017 72 
38 GD 
38 CUD 
38 HC 
White-matter 
microstructural 
features, impulsivity 
Diffusion-weighted magnetic resonance 
imaging (dMRI),  Diagnostic and statistical 
manual (DSM-IV) structured clinical interview 
(SCI) and (SCID),  Barratt Impulsiveness Scale 
(BIS-11) 
Results showed reduced anisotropy of secondary fiber 
orientations within the left internal capsule, corona radiata, 
forceps major and posterior thalamic radiation in GD and 
CUD compared to HC and no differences between GD and 
CUD. 
 
 
 
TABLE 1 (continued) 
Author Sample Outcomes of interest Measures Results 
Yip et al. 
2018 58 
 
35 GD 
37 CUD 
37 HC 
Neural structures alterations 
linked to addictions subtypes 
and trait impulsivity 
Magnetic resonance imaging (MRI),  
Diagnostic and statistical manual (DSM-V),  
Barratt Impulsiveness Scale (BIS-11) 
Decreased GMV in dorsal anterior cingulate and 
ventromedial prefrontal cortex was associated to CUD 
only. Results showed a negative association between 
impulsivity and insula-amygdala-hippocampus GMVs in 
all groups. The anatomical overlap between regions 
identified as differentiating diagnostic groups and regions 
covarying with impulsivity was minor. 
Yoon et al 
2017 61 
19 IGD 
20 AUD 
25 HC 
Morphological and functional 
mechanisms and neurocognitive 
function, addiction severity, 
impulsivity 
Functional magnetic resonance imaging 
(fMRI),  Diagnostic and statistical manual 
(DSM-IV), Internet Addiction Test (IAT),  
Alcohol Use Disorder Identification Test 
(AUDIT-K),  Barratt Impulsivity Scale 
(BIS-11),  Intra-Extra Dimensional Set Shift 
test,  Stockings of Cambridge test,  Spatial 
Span (SSP) 
IGD showed greater hippocampus/amygdala and precuneus 
volume than HC, which correlated positively with severity 
of IGD. Stronger functional connectivity in the left vmPFC 
with hippocampus/amygdala cluster was found in IGD 
compared with AUD. Smaller cerebellar volume and 
thinner medial frontal cortex was shown in AUD compared 
with HC, and this correlated with impaired working 
memory abilities and addiction duration in AUD.  
SUD, substance use disorder; BA, behavioral addiction;  HC, healthy control;  CUD, cocaine dependence; GD, gambling disorder; IGD, internet gaming disorder;  AUD, 
alcohol dependence disorder; UPPS, urgency premeditation perseverance sensation seeking; DSM, diagnostic and statistical manual of mental disorders; SCID, structured 
clinical interview; YDQ, diagnostic questionnaire for internet addiction; CIAS, Chinese internet addiction scale; BIS-11, Barrat impulsivity scale;  FTND, Fagerström test 
of nicotine dependence; D-KEFS, Delis-Kaplan Executive Function System;  CWIT, Color-Word Interference; KFG, German short questionnaire for gambling behavior;  
PG-YBOCS, Yale Brown obsessive compulsive scale adapted for GD;  G-SAS, gambling symptom assessment Scale;  ADS, alcohol dependence scale;  OCDS, obsessive 
compulsive drinking scale;  GBQ, gamblers’ beliefs questionnaire;  YIAS, young internet addiction scale;  MAST, Michigan alcohol screening test;  AUQ-K, Korean alcohol 
urge questionnaire;  IAT, Young's Internet addiction test;  AUDIT-K, Korean version of alcohol use disorder identification test;  SOGS, south oaks gambling screen;  DAST, 
drug abuse screening test; SADQ, severity of alcohol dependence questionnaire; CGT, Cambridge gambling task; IST, information sampling task; CIDI, clinical international 
diagnostic inventory; GMV, grey matter volume;   WM, working memory;  EF, executive functions; mPFC, medial prefrontal cortex;  DLPFC, dorsolateral prefrontal cortex; 
PCC, posterior cingulate cortex;  ITC, inferior temporal cortex; rsFC, resting state functional connectivity; MRI, magnetic resonance imaging; fMRI, functional magnetic 
resonance imagining; dMRI, diffusion-weighted magnetic resonance imaging; ReHo, regional homogeneity;  IPDE, Personality Disorders Examination;  IRAB, Interview 
for Research on Addictive Behavior. 
 
TABLE 2 
Summary of studies that reported behavioral and neurophysiological similarities, differences or similarities and differences between behavioral addictions (BAs) and 
substance use disorders (SUDs) direct comparisons. 
Data Similarities and differences 
(author: outcomes of interest/ addictions) 
Only similarities 
(author: outcome of interest/ addictions) 
Only differences 
(author: outcome of interest/ addictions) 
Behavioral 
 
 Albein-Urios et al. 2012 57: Cognitive 
performance, trait impulsivity, addiction 
severity,  delay discounting, inhibition, 
working memory performance/ GD, CUD. 
 
 Contreras-Rodríguez et al. 2016 29: Resting 
state functional connectivity, addiction 
severity, impulsivity/  GD, CUD.  
 
 Choi et al. 2014 59: Impulsivity and 
compulsivity, addiction severity/ GD, IGD, 
AUD. 
 
 Goudriaan et al. 2010 63: Cue reactivity 
neural correlates, addiction severity, 
cravings/ GD, Smokers. 
 
 Lawrence et al. 2009 55: Decision-making, 
impulsivity, working memory/ GD, AUD. 
 
 Ruiter et al. 2009 70: Response 
perseveration, reward and/or punishment 
sensitivity, EF neural correlates, addiction 
severity/ GD, Smokers. 
 
 Genauck et al. 2017 69: Loss aversion 
neural correlates, addiction severity, 
cognitive distortions/ GD, AUD. 
 
 Kim et al. 2015 73: Resting state, local 
connectivity, clinical status, depressive 
and anxiety symptoms, impulsivity/ 
IGD, AUD.   
 
 Kober et al. 2016 65: Neural correlates 
of craving,  addiction severity/  GD, 
CUD.  
 
 Park et al. 2017 60: Neural connectivity 
and phasic synchronization, addiction 
severity, impulsivity/ IGD, AUD. 
 
 Romanczuk-Seiferth et al. 2015 56: 
Neural correlates of reward processing, 
addiction severity, impulsivity / GD, 
AUD. 
 
 Ruiter et al. 2012  62: Response 
inhibition neural correlates, addiction 
severity/ GD, Smokers. 
 
 
 Ge et al. 2017 74: Resting state 
functional connectivity of DLPFC, 
addiction severity, impulsivity/ IGD, 
Smokers. 
 
 
TABLE 2 (continued) 
Data Similarities and differences 
(author: outcomes of interest/ addictions) 
Only similarities 
(author: outcome of interest/ addictions) 
Only differences 
(author: outcome of interest/ addictions) 
Behavioral 
 Torres et al.  2013 67: Associative learning 
and electroencephalographic response to 
feedback, addiction severity, impulsivity/ 
GD, CUD. 
 
 Vanes et al. 2014 68:  Discrimination, 
reversal and extinction learning, addiction 
severity, depression, impulsivity/ GD, 
AUD. 
 
 Verdejo-Garcia et al. 66: Neural 
mechanisms of cognitive flexibility/ GD, 
CUD. 
 
 Yoon et al. 61:  Morphological and 
functional mechanisms and 
neurocognitive function, addiction 
severity/ IGD, AUD.  
 
 
 Son et al. 2015 28: Resting state, 
absolute and relative power, addiction 
severity,  impulsivity/ IGD, AUD. 
 
 Worhunsky et al. 2014 64: Contextual 
reward-processing neural correlates, slot 
machine performance/ GD, CUD. 
 
 Worhunsky et al. 2017 9: Chasing losses 
neurocorrelates/ GD, CUD. 
 
 Yip et al. 2017 72: White-matter 
microstructural features, impulsivity/ 
GD, CUD.  
 
 Yip et al. 2018 58: Neural structures 
alterations linked to addictions subtypes 
and trait impulsivity/ GD, CUD. 
 
 
 
Neurophysiological 
 
 Contreras-Rodríguez et al. 2016 29: 
Resting state functional connectivity, 
addiction severity, impulsivity/  GD, 
CUD.  
 
 Goudriaan et al. 2010 63: Cue reactivity 
neural correlates, addiction severity, 
cravings/ GD, Smokers.  
 
 
 Ruiter et al. 2012  62: Response 
inhibition neural correlates, addiction 
severity/ GD, Smokers. 
 
 Yip et al. 2017 72: White-matter 
microstructural features, impulsivity/ 
GD, CUD.  
 
 
 Genauck et al. 2017 69: Loss aversion 
neural correlates, addiction severity, 
cognitive distortions/ GD, AUD. 
 
 Park et al. 2017 60: Neural connectivity 
and phasic synchronization, addiction 
severity, impulsivity/ IGD, AUD. 
 
 
TABLE 2 (continued) 
Data Similarities and differences 
(author: outcomes of interest/ addictions) 
Only similarities 
(author: outcome of interest/ addictions) 
Only differences 
(author: outcome of interest/ addictions) 
Neurophysiological 
 
 Han et al. 2015 27: Functional 
connectivity, addiction severity/ IGD, 
AUD.  
 
 Kim et al. 2015 73: Resting state, local 
connectivity, clinical status, depressive 
and anxiety symptoms, impulsivity/ IGD, 
AUD.   
 
 Kober et al. 2016 65: Neural correlates of 
craving,  addiction severity/  GD, CUD.  
 
 Ge et al. 2017 74: Resting state functional 
connectivity of DLPFC, addiction 
severity, impulsivity/ IGD, Smokers. 
 
 Ren et al. 71: Neural responses to 
naturalistic stimuli, addiction severity/ 
GD, CUD. 
 
 Romanczuk-Seiferth et al. 2015 56: Neural 
correlates of reward processing, addiction 
severity, impulsivity / GD, AUD. 
 
 
  
 Son et al. 2015 28: Resting state, absolute 
and relative power, addiction severity,  
impulsivity/ IGD, AUD. 
 
 Van Holst et al. 2012  75: Grey-matter 
volumes, addiction severity/ GD, AUD.  
 
 
 
 
TABLE 2 (continued) 
Data Similarities and differences 
(author: outcomes of interest/ addictions) 
Only similarities 
(author: outcome of interest/ addictions) 
Only differences 
(author: outcome of interest/ addictions) 
Neurophysiological 
 
 Ruiter et al. 2009 70: Response perseveration, 
reward and/or punishment sensitivity, EF 
neural correlates, addiction severity/ GD, 
Smokers. 
 
 Torres et al.  2013 67: Associative learning and 
electroencephalographic response to feedback, 
addiction severity, impulsivity/ GD, CUD.  
 
 Verdejo-Garcia et al. 66: Neural mechanisms of 
cognitive flexibility/ GD, CUD. 
 
 Worhunsky et al. 2014 64: Contextual reward-
processing neural correlates, slot machine 
performance/ GD, CUD. 
 
 Worhunsky et al. 2017 9: Chasing losses 
neurocorrelates/ GD, CUD. 
 
 Yip et al. 2018 58: Neural structures alterations 
linked to addictions subtypes and trait 
impulsivity/ GD, CUD. 
 
 Yoon et al. 61:  Morphological and functional 
mechanisms and neurocognitive function, 
addiction severity/ IGD, AUD.  
  
SUD, substance use disorder; BA, behavioral addiction; GD, gambling disorder; IGD, internet gaming disorder; CUD; cocaine use disorder; AUD, alcohol dependence 
disorder;  DLPFC, dorsolateral prefrontal cortex; EF, executive functions. 
 
TABLE 3 
Summary of stimulation parameters in transcranial magnetic stimulation (TMS) studies among behavioral-addicted populations. 
Author BA Brain target TMS protocol 
# Sessions and 
participants 
Aim: outcomes of interest (measures) Results 
Chowdhury et 
al. 2018 78 
GD Left Motor Cortex 
(M1) 
Motor evoked 
potential (MEP)  
1 session 
 
N=40 (20 at risk 
gamblers, 20 HC) 
Association of modulatory mechanisms 
in M1 with inhibitory control:  
GABAergic activity (SICI at rest with 
EMG); Glutamatergic activity (ICF at 
rest with EMG);   Inhibition (SST); 
Impulsivity (BIS); Gambling severity 
(PGSI);  Severity of alcohol-related harm 
; Severity of AUD (AUDIT-C),  Severity 
of SUDs (DAST-10);  Severity of 
ADHD (ASRS) 
Results showed a negative correlation 
between SICI and SSRT but no 
correlation between ICF and SSRT 
indicating that reduced inhibitory 
control was associated to weak 
GABAergic activity. When controlling 
for ADHD symptom severity and SUDs 
effects, at risk gamblers showed high 
self-reported impulsivity but SSRT and 
SICI/ICF measures were similar to HC.  
Gay et al. 
2017 24 
GD Left DLPFC rTMS 10 Hz, 
3008 pulses 
2 sessions (one 
week apart) 
 
N=22 
 
Crossover design 
(active and sham) 
High frequency rTMS effects on craving:  
DLPFC location determination (MRI); 
Gambling behavior (PG-YBOCS); 
Craving (VAS) 
Cue-induced craving was decreased 
with active rTMS compared to sham but 
there were no effects on gambling 
behavior.  
 
 
 
TABLE 3 (continued) 
Author BA Brain target TMS protocol 
# Sessions and 
participants 
Aim: outcomes of interest (measures) Results 
Pettorruso et 
al. 2019 79 
GD Left DLPFC rTMS 15 Hz,  
2400 pulses 
 
20 sessions (twice a 
day, 5 days/week) 
N=1 
 
High frequency rTMS effects on dopaminergic 
transporter (DAT) availability: 
DAT availability (SPECT), Gambling disorder 
diagnosis (DSM-V); Gambling severity (G-SAS, 
PG-YBOCS) 
 
Over a six months follow up 
gambling behavior stopped 
with no relapse, there was 
absence of gambling cravings 
and GD symptoms and there 
was a decrease in DAT 
availability in striatal regions.  
Rosenberg et 
al. 2013 76 
GD Left DLPFC rTMS 1 Hz 15 sessions (daily) 
N=5 
TMS effects on pathological gambling: 
Depression (HDRS); Anxiety (HARS); 
Obsessions (Y-BOCS); Gambling severity 
(SOGS, DAGS); Cravings (VAS); Clinical global 
impressions (CGI-I); Social adjustment (SAS) 
rTMS was associated with 
initial improvements in scale 
ratings however gambling 
behaviors continued after the 
TMS intervention.  
Sauvaget et al. 
2018 17 
GD Right DLPFC rTMS 1 Hz, 360 
pulses 
2 sessions (one 
week apart) 
 
N=30 
 
Crossover design 
(active and sham) 
Low frequency rTMS effects on craving:  
Cravings (VAS, GACS); Problem gambling 
severity (DSMIV); Gambling related cognitive 
biases (GRCS); Questionnaire about type of game 
and mode: online or offline; Clinical 
characteristics (MINI); Physiological measures 
(heart rate and blood pressure); Tolerability 
(follow up call) 
rTMS was associated with a 
decrease in gambling urge in 
both real stimulation and 
sham conditions however 
when controlling cue-induced 
craving levels, there were no 
effects on craving for active 
rTMS. In general the effects 
of rTMS were well-tolerated. 
 
 
TABLE 3 (continued) 
Author BA Brain target TMS protocol 
# Sessions and 
participants 
Aim: outcomes of interest (measures) Results 
Zack et al 
2016 77 
GD mPFC; 
 
 
 
 
Right DLPFC 
rTMS 10 Hz, 450 
pulses 
 
and 
 
cTBS 50Hz, 900 
pulses 
3 sessions (one 
week apart) 
  
N=9 
 
Crossover design 
(rTMS, cTBS and 
sham) 
High frequency rTMS effects on gambling 
reinforcement:  
Impulsive choice (DDT); Attentional control (Stroop); 
Blood pressure (wrist-cuff monitor); Subjective 
behavioral activation (vigor scale); Risky decision-
making and speed of play (slot machine); Desire to 
gamble (VAS); Mood (POMS); Psychostimulant-like 
sensations (ARCI); brain target localization (MRI);  
Screen for Gambling Problems (NODS); Depressive 
symptoms (BDI); Alcohol dependence (ADS); Drug 
abuse (DAST); Nicotine dependence (FTND); 
Impulsivity (EIS);  Self-reported measures validity 
(NEO- FFI) 
Desire to gamble was 
reduced with rTMS. 
cTBS reduced 
amphetamine-like 
effects and diastolic 
blood pressure. 
Treatment was 
associated with a 
reduction of 
behavioral activation 
and both rTMS and 
cTBS increased 
Stroop interference.  
TMS, transcranial magnetic stimulation; rTMS, repetitive transcranial magnetic stimulation; cTBS, continuous theta burst stimulation; BA, behavioral addiction; GD, 
gambling disorder; HC, healthy control; PGSI, problem gambling severity index; NODS, national opinion diagnostic screen; AUDIT-C, alcohol use disorder identification 
test; DAST-10, drugs abuse screening test;  FTND, Fagerström test for Nicotine dependence; EIS, Eysenck impulsivity scale;  NEO- FFI, neuroticism extraversion openness 
five factor inventory; ASRS, adult attention deficit hyperactivity disorder self-report scale; PG-YBOCS, Yale-Brown obsessive compulsive scale for GD; VAS, visual 
analogue scale;  GACS, gambling craving scale;  GRCS, gambling related cognitions scale; ; SOGS, south oaks gambling screen; Hamilton anxiety scale (HARS);HDRS,  
Hamilton depression rating scale; DAGS, Dannon and Ainhold gambling scale;  CGI-I, clinical global impressions;   SAS, social adjustment scale;  MINI, mini international 
neuropsychiatric interview; POMS, profile of mood states; BDI, Beck depression inventory; ARCI, addiction research center inventory; DDT, delay discounting task;  SST, 
stop signal task; SSRT, stop signal task reaction time; BIS, Barratt impulsivity scale; SICI, short interval cortical inhibition; ICF, intra cortical facilitation; EMG, 
electromyography; MRI, magnetic resonance imaging; MEP, motor evoked potential; DLPFC, dorsolateral prefrontal cortex; mPFC, medial prefrontal cortex;  Hz, hertz. 
 
TABLE 4 
Summary of stimulation parameters in transcranial direct current stimulation (tDCS) studies applied to behavioral-addicted populations. 
Author BA 
Brain 
target 
tDCS Protocol 
# Sessions and 
participants 
Aim: outcomes of interest (measures) Results 
Dickler et 
al. 2018 81 
GD DLPFC Anode right DLPFC, 
cathode left DLPFC; 
1mA; 
30min;  
Crossover design 
(active and sham) 
2 sessions separated by 
7 days  
 
N=16 
tDCS effects on Metabolites:  
Metabolites level (MRS); Risk 
taking (BART); Impulsivity (BIS); 
Craving (GACS) 
Active tDCS stimulation elevated GABA 
levels compared to sham. There were no 
stimulation effects on prefrontal 
glutamate + glutamine and N-actetyl 
Aspartate or in striatal metabolite levels. 
There were positive correlations between 
metabolite levels in active stimulation 
related to sham, and risk-taking, 
impulsivity and craving levels.  
Lee et al. 
2018 25 
Online  
Gaming 
DLPFC Anodal left DLPFC,  
cathode right DLPFC; 
2 mA; 
30 min; 
Non-controlled design 
12 sessions (3 times per 
week for 4 weeks) 
 
N= 15 
Feasibility and tolerability of tDCS 
over DLPFC:   
Glucose metabolism (8F-fluoro-2-
deoxyglucose positron emission 
tomography); Internet Addiction 
(IAT); Self Control (BSCS); 
Depressive symptoms (BDI-II) 
Time spent on games, scores of IAT and 
BDI-II decreased and BSCS score 
increased after tDCS. Self-control 
increases were associated with decreases 
in addiction severity and time spent on 
games. Moreover, abnormal asymmetry 
of regional cerebral glucose metabolism 
in the DLPFC improved. 
 
 
 
 
 
TABLE 4 (continued) 
Author BA Brain target tDCS Protocol 
# Sessions and 
participants 
Aim: outcomes of interest (measures) Results 
Martinotti et 
al. 2018 82 
GD Bilateral 
DLPFC 
Anodal right DLPFC, 
cathode left DLPFC;  
and  
Anode left DLPFC, 
Cathode right DLPFC; 
Case report (non-
controlled design) 
38 sessions (twice a day 
for 10 days – once a week 
for 3 months – once every 
2 weeks for 3 months) 
  
N=1 
tDCS effects on GD:  
Gambling severity (SOGS); 
Psychopathological burden (Brief 
Psychiatric Rating Scale); Depression 
(HDRS); Impulsivity (BIS); Craving 
(VAS); Obsessive-compulsive 
symptoms (PG-YBOCS); Gambling 
symptoms (GSAS) 
After 10 days of treatment 
psychiatric symptomatology 
improved, as did gambling 
severity and craving levels. 
Gambling behaviors ceased. 
After 3 and 6 months of 
treatment further improvement 
on overall psychopathological 
symptoms, continued absence 
of craving, improved addictive 
behavior and comorbid SUD 
symptomatology.  
Soyata et al. 
2018 80 
GD DLPFC Anode right DLPFC, 
Cathode left DLPFC; 
2mA; 
20 min; 
Parallel design (active 
or sham) 
3 sessions  (every other 
day) 
  
N=20 (10 active, 10 sham) 
tDCS effects on decision making and 
cognitive flexibility:  
Decision making (IGT); Cognitive 
flexibility (WCST) 
tDCS enhanced decision 
making and cognitive 
flexibility in gambling 
disorder. 
tDCS, transcranial direct current stimulation; BA, behavioral addiction; GD, gambling disorder; HC, healthy control; BART, balloon analogue risk taking task; BIS, Beck 
Depression Inventory; GACS, gambling craving scale; IAT,  internet addiction test,  BSCS, brief self-control scale; SOGS, south oaks gambling screen; BPRS, Brief 
Psychiatric Rating Scale; HDRS, Hamilton depression rating scale; VAS, visual analogue scale; PG-YBOCS, Yale-Brown obsessive compulsive scale for GD; GSAS, 
gambling symptom assessment scale;  IGT, Iowa Gambling Task; WCST, Wisconsin Card Sorting Task; MRS, magnetic resonance spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
(a) Search #1: research conducting direct comparisons between BAs and SUDs. 
 
 
 
 
 
 
 
 
 
 
 
(b) Search #2: research applying NIBS techniques in BAs. 
FIGURE 1.  
Schematic view of the selection procedure in (a) search #1: research conducting direct comparisons between 
behavioural addictions (BAs) and substance use disorders (SUDs) and (b) search #2: research applying non-
invasive brain stimulation (NIBS) techniques in behavioural addictions (BAs). 
Records identified 
(PubMed) n=1144 
 
Screening full text n=128 
Excluded n=1021 
Inclusion criteria 
- Included both BA and SUD clinical groups  
- Used behavioural and/or neurophysiological outcomes 
 
Records included n=25 
Excluded n=103 
  
Exclusion criteria 
- Co-occurrence of BA and SUD 
- Included groups that were not BA or SUD 
- Used only self-report measures  
- Reviews 
Additional records identified through 
manual search (Google Scholar) n=5  
 
Records identified 
(PubMed) n=625 
 
Screening full text n=49 
Excluded n=580 
Inclusion criteria 
- Investigated BA  
- Intervention was NIBS 
 
Records included n=10 
Excluded n=39  
Exclusion criteria 
- Investigated non-clinical population 
- Reviews 
 
Additional records identified through 
manual search (Google Scholar) n=4  
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